Abstract-It was recently observed that, in order to improve the defect coverage of a test set, test generation based on fault models such as the single-line stuck-at model may need to be augmented so as to derive test sets that detect each modeled fault more than once. In this work, we report on test pattern generators for combinational circuits that generate test sets to detect each single line stuck-at fault a given number of times. Additionally, we study the effects of test set compaction on the defect coverage of such test sets. For the purpose of experimentation, defect coverage is measured by the coverage of surrogate faults, using a framework proposed earlier. Within this framework, we show that the defect coverage does not have to be sacrificed by test compaction if the test set is computed using appropriate test generation objectives. Moreover, two test sets generated using the same test generation objectives, except that compaction heuristics were used during the generation of one but not the other, typically have similar defect coverages, even if the compacted test set is significantly smaller than the noncompacted one. Test generation procedures and experimental results to support these claims are presented.
I. INTRODUCTION
The inadequacy of the single stuck-at fault model in producing test sets that detect all physical defects that occur in manufactured circuits has resulted in several approaches to increase the defect coverage of a test set. Although no single approach can guarantee detection of all physical defects, each one helps improve the physical defect coverage. The first approach involves test generation that targets additional faults such as delay faults [1] , [2] and stuck-open faults [3] . The second approach involves test response measurement schemes other than voltage testing, such as I ddq testing [4] . In [5] - [9] , it is shown that different test sets to detect single stuck-at faults have different defect coverages. In [9] , it is shown that for n 1 > n 2 ; a test set for single stuck-at faults that detects each fault n 1 times has a higher defect coverage than a test set that detects each fault n2 times. The observations in [5] - [9] imply that, by imposing certain constraints on the process of generating a test set for single stuck-at faults, the defect coverage of the resulting test set can be increased. The work reported here is inspired by these observations in [5] - [9] .
In this work, we report on test pattern generators to derive test sets that detect each single stuck-at fault a given number of times (each fault is detected a given number of times by different tests in the test set). Additionally, we study the effects of test set compaction on the defect coverage of such test sets. Compact test sets lead to shorter test application times, hence their practical importance. Within the framework of this paper (described below), we show that the defect coverage does not have to be sacrificed by test set compaction if the test set is computed by using appropriate test Manuscript received July 17, 1996 ; revised August 11, 1997 . This work was supported in part by NSF Grants MIP-9220549 and MIP-9357581. This paper was presented in part at the 14th VLSI Test Symposium, April 1996. This paper was recommended by Associate Editor K.-T. Cheng.
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Publisher Item Identifier S 0278-0070(97) 08984-7. generation objectives. This can be explained as follows. Without imposing any constraints on the test generation process, there is a low probability of including in the test set a specific test pattern t; effective in detecting a defect. By arbitrarily adding tests to increase the size of the test set, the probability of including t remains low, unless a very large number of tests is added. However, by imposing the appropriate constraints, the probability of including t can be increased without having to add to the test set large numbers of tests. Test compaction techniques with appropriate test generation constraints can thus be used to generate a compact test set with improved defect coverage compared to noncompacted test sets (i.e., test sets generated without employing any special compaction heuristics) where the additional constraints are not taken into account. Moreover, two test sets, one compacted and one noncompacted, generated under the same constraints, typically have similar defect coverages even if the compacted one is significantly smaller than the noncompacted one. The constraints or test generation objectives we found useful involve maximizing the number of times each stuck-at fault is detected by the test set such that the minimum and average numbers of detections are maximized. Compact test sets have another advantage related to defect coverage, which stems from the analysis of [8] . In [8] , it is shown that to achieve a high defect coverage, each test should sensitize a large number of fault sites. This happens automatically in compaction schemes such as [10] and [11] , where each test detects a large number of faults. It is also shown that as the stuck-at fault coverage approaches 100%, the defect coverage increases slowly with each test added. The results from [7] show that this problem can be overcome by targeting each stuck-at fault multiple times. Here, again, the use of compacted test sets ensures that each test sensitizes a large number of fault sites when targeting the faults for the second time, the third time, and so on.
In this work, we use two types of test generation schemes. The first scheme selects a test set out of the set of all input vectors by using a covering procedure. This scheme is only effective for small circuits. Its advantage is that it allows us to easily investigate various test sets generated with different objectives by simply changing the covering procedure. We use this procedure to conduct a set of controlled experiments to derive guidelines for test generation for large circuits. The second test generation scheme uses a faultoriented test generation procedure to generate one test vector at a time. This scheme is more practical for large circuits. Under both test generation procedures, we consider the generation of compacted and noncompacted test sets. Compacted test sets are generated such that the faults would be covered using a minimal number of tests. Noncompacted test sets are generated without using compaction heuristics, and they contain larger numbers of tests. These test sets are used to study the effects of compaction on the defect coverage.
To estimate the defect coverage, we use the approach introduced in [5] - [8] , where defects are modeled by surrogate faults that do not belong to the fault model for which the test set is generated. As in [5] - [8] , we use in this work single stuck-at faults as the fault model for test generation, and we use nonfeedback bridging faults and transition faults as surrogates for defects. The coverage of bridging faults and transition faults is used as a measure of defect coverage of a given test set. Thus, in this work, when we say defects and defect coverage, we mean surrogate faults and surrogate fault 0278-0070/97$10.00 © 1997 IEEE coverage, respectively. We stress that physical circuits may contain defects that are not modeled by any of the known fault models. Hence, we have the importance of deriving test sets for existing fault models such that the test sets capture unmodeled defects. For the purpose of experimentation in this work, we need a surrogate for unmodeled defects so as to assess their coverage. In reality, such surrogates may not exist; therefore, direct test generation for them may not be possible. The proposed method can be used in this case as it does not require defect models in order to perform test generation.
The paper is organized as follows. In Section II, we describe the various types of test sets we compare with respect to their defect coverage (measured by the coverage of surrogate faults). Each test set appears in three forms, one compacted and two noncompacted. In Section III, we describe the test generation procedures we use to obtain the test sets of Section II in their compacted and noncompacted forms. The test generation procedures of Section III are all based on covering procedures. In Section IV, we present experimental results using nonfeedback bridging faults and transition faults as surrogate faults. In Section V, we present the second test generation scheme, which is applicable to large circuits, and include experimental results for this scheme on ISCAS-85 benchmark circuits. Concluding remarks are given in Section VI.
II. TEST SETS
In this section, we define several types of test sets. To demonstrate these test sets, we use a circuit referred to as C ex that has three inputs and five faults ff 1 ; 1 1 1 ; f 5 g: The input combinations for C ex and the faults they detect are shown in Table I We use the following notation.
1) N(f) is the number of different input vectors that detect fault f: 2) n(f) is the number of different tests for fault f included in a given test set.
For example, for Cex; N(f1) = 3 since only tests f000; 001; 010g detect f 1 : In T; n(f 1 ) = 2 since the only tests included in T that detect f 1 are 000 and 001. In addition, we have for T the values n(f2) = 2; n(f3) = 3; n(f4) = 2; and n(f5) = 3: In an n-detection test set, n(f) = minfn; N(f)g: In other words, an n-detection test set has the property that every fault f is detected by n different tests unless f has fewer than n different tests (i.e., N(f) < n): In the latter case, all N(f) tests for f are included in an n-detection test set. For example, Table I(b) shows a 2-detection test set for Cex: A 3-detection test set for Cex would still have n(f 2 ) = 2; since N(f 2 ) = 2:
We associate three parameters with every test set T: If T is generated as an n-detection test set, then n is the first parameter. The minimum number of tests in T for any fault is denoted by n min : The average number of tests per fault in T; where the average is computed over all the faults detected by the test set, is denoted by n av : For example, for the test set T of C ex shown in Table I (b), nmin = n(f1) = 2 and nav = (2 + 2 + 3 + 2 + 3)=5 = 2:4:
Extending the results of [5] - [9] By comparing noncompacted n-detection test sets with compacted n i av test sets, the relative importance of n min ; n av ; and the test set size in determining the defect coverage can be studied (note that a noncompacted test set is one generated by a test generation procedure that does not use any special compaction heuristics). To further enrich the test sets we use, we also define a test set for a pseudofunctional fault model, as follows. For every line g in the circuit, we find a fanin cone of g; denoted C(g); that has g as its output and has at most K inputs where K is a small constant. The cone C(g) is selected such that it contains the maximum number of gates subject to the limit of at most K inputs. The functional fault model we use requires that a complete test set for this model would apply every one of the possible input combinations to C(g); and that g would be sensitized to a primary output at the same time. In other words, under a complete test set for this fault model, C(g) is tested exhaustively by all of the input combinations that can be applied to test it. As a result, any detectable defect in C(g) that does not result in sequential behavior is detected. The pseudofunctional fault model is a generalization of the fault model called the cell fault model in [12] , in which C(g) would include only the gate driving g:
The relationship between the test sets for the pseudofunctional model and the n-detection test sets for stuck-at faults is as follows. If n input combinations of C(g) result in g = ( 2 f0; 1g); then the fault g stuck-at is targeted n times by a test set for the pseudofunctional fault model. This is the same as in an n-detection test set. Similar to an n-detection test set that may not detect every stuck-at fault n times, it may not be possible to test C(g) with every input combination. Consequently, the number of times the fault g stuck-at is detected by a test set for the pseudofunctional fault model may be lower than n :
III. TEST GENERATION USING COVERING PROCEDURES
Every one of the test generation procedures described in this section uses a covering procedure to select tests out of the set U of all the input patterns of the circuit. Fault simulation using the stuck-at fault model for all the input patterns in U without fault dropping is first carried out. At the end of this process, we obtain for every test t 2 U the set of faults it detects. An appropriate greedy covering procedure is then used to select a test set T out of U:
Generation of a compacted 1-detection test set T proceeds as follows. First Table I , we find that no essential tests exist. We select test 001 that detects three faults. We then select 100 to detect the remaining two faults.
To generate a noncompacted 1-detection test set, we use a similar procedure, as follows. We start by selecting essential tests. The reason for this is that we try to avoid including redundant tests (tests that can be omitted without reducing the number of faults detected). If we postpone the selection of essential tests, we may include in the test set a test t that detects a subset of faults detected by the essential tests. In this case, t becomes redundant when the essential tests are included. To avoid this situation, we start by including the essential tests. After selecting the essential tests, we iteratively select a test that detects the smallest number of yet-undetected faults when it is selected. However, tests that do not detect any yet-undetected fault are not selected. As a result of selecting tests that detect the smallest number of yet-undetected faults, a larger number of tests is required to cover all the faults, and hence the resulting test set is noncompacted. For example, generating a noncompacted 1-detection test set for Cex of Table I , we find that no essential tests exist. We select test 110 that detects only one fault, followed by 011 that detects one additional yet-undetected fault, and so on.
It is also possible to construct a noncompacted test set by selecting the tests arbitrarily instead of selecting the ones that detect the smallest numbers of yet-undetected faults. We consider such test sets as well, and refer to them as arbitrary n-detection test sets.
To generate an arbitrary 1-detection test set, we use the procedure described above, except that instead of selecting the test that detects the smallest number of yet-undetected faults, we arbitrarily select the first one that detects a nonzero number of faults. By selecting the first test that detects a yet-undetected fault (instead of selecting one randomly), we maintain the same order of scanning the tests used by the procedures for compact and for noncompact test generation described above. We point out that arbitrary test sets may match the conventional notion of noncompacted test sets better than the noncompacted test sets defined above.
We construct a compacted n-detection test set for n 1 as follows (the procedure described above for generating a compacted 1-detection test set is a special case of this procedure, obtained by setting n = 1): Let T (f ) U be the set of tests in U that detect fault f: First, we include in the test set T every subset of tests T (f ) such that jT(f)j n: This is because all of the tests in T (f ) must be included in T to achieve the goal of including n (or as close to n as possible) tests for f: We then select additional tests, as follows. With every test t 2 U; we associate a count m(t) equal to the number of faults detected by t; for which the number of tests already selected is smaller than n: We repeatedly select the test with the largest value of m(t); updating the counts after every test is selected, until all of the counts m(t) become zero. For example, to obtain a compacted 2-detection test set for C ex ; we first include To obtain a noncompacted n-detection test set, we repeat the procedure above; however, we select the tests with the smallest values of m(t) which are larger than zero. To obtain an arbitrary n-detection test set, we again use the procedure above; however, we arbitrarily select the first test with a nonzero value of m(t) in every iteration.
Compacted, noncompacted, and arbitrary test sets for the pseudofunctional fault model defined in Section II are constructed similarly to the 1-detection test sets described above. A target fault is defined for every input combination c of every cone C (g): The number of tests that assign c to the inputs of C (g) and at the same time propagate the value of g to a primary output is denoted by n(c): First, we select every test t that detects a fault corresponding to a combination c with jn(c)j = 1: Additional tests are then selected that detect a maximum number (for a compacted test set) or a minimum number (for a noncompacted test set) of yet-undetected faults. For an arbitrary test set, we select the first test that detects at least one yet-undetected fault.
The procedures described above maximize nmin ; but do not consider n av : In Section II, we defined n i av test sets in order to use them for establishing the importance of n av : Next, we describe how a compacted n i av test set T i is constructed. A T i test set for a given value of n av ; denoted n i av ; is generated by Procedure 1 given below. Procedure 1 uses the procedure outlined above for generating compacted n-detection test sets. First, an n-detection test set for a maximum value of n is found, for which the value of n av does not If a choice exists, select a test t that does not detect the faults that are already detected a maximum number of times by T (this step attempts to ensure that n i av is achieved by detecting all the faults approximately the same number of times, as opposed to detecting a small number of faults a large number of times). 7) Add t to T ; and recompute nav for T : 8) n av < n i av ; go to step 6). 9) If n av > n i av ; remove from T the last test added to it. 10) Stop: T is the required test set. We do not compute noncompacted or arbitrary n i av test sets since our goal is to demonstrate the importance of n av by using a minimal size test set that achieves the target value n av = n i av : In the next section, we compare the defect coverage of these test sets to the defect coverage obtained by the noncompacted n-detection and pseudofunctional test sets that have the same or higher values of nav ; and typically larger sizes.
IV. EXPERIMENTAL RESULTS
We used the test generation procedures described above to generate various test sets for multilevel implementations of Berkeley PLA's [17] , and simulated the resulting test sets on nonfeedback bridging faults and on transition faults. We first report the results obtained for nonfeedback bridging faults.
Up to 10 000 bridging faults are considered in each circuit. Bridging faults are defined for pairs of lines that satisfy the following conditions: 1) the lines are not on the same path, 2) they are not fan-out branches of the same stem, and 3) they are not inputs of the same gate. If the circuit has more than 5000 such pairs of lines, 5000 of them are randomly selected. Otherwise, all of the pairs are selected. Both AND-type and OR-type bridging faults are considered for each selected pair of lines. We considered only circuits with up to 14 inputs, where we can easily consider all input combinations and determine the number of detectable bridging faults. Thus, the conclusions we draw hold as the coverage of defects (nonfeedback bridging faults in this case) approaches its maximum possible value. We first considered n-detection test sets. We generated n-detection compacted, noncompacted, and arbitrary test sets for increasing values of n; and computed the defect coverage (i.e., the coverage of nonfeedback bridging faults) for each test set until the defect coverage reached its maximum value. The results for the n-detection test sets where the defect coverage reaches its maximum value are shown in Table II . The maximum coverage for the surrogate bridging faults is given under column max f.c. It is smaller than 100% since some of the bridging faults are undetectable. Under column comp, we show the results for compacted test sets, under column noncomp, we show the results for noncompacted test sets, and under column arbit, we show the results for arbitrary test sets. nt stands for test set size, and nd stands for the number of detections for which the test set was generated. For example, for z4; the maximum defect coverage (i.e., bridging fault coverage) that can be achieved is 98.69%. This defect coverage is achieved by a 5-detection compacted test set of size 69, by a 3-detection noncompacted test set of size 89, and by a 4-detection arbitrary test set of size 85. From Table II , we conclude that by using compacted test sets and higher values of n; the defect coverage reaches its maximum value using a smaller test set than if noncompacted test sets are used (the only exceptions are rd53 and the arbitrary test set for adr4). Thus, compacted n-detection test sets are more effective than larger noncompacted test sets with smaller values of n: Since our n-detection test sets are generated such that n min is maximized, this demonstrates the role of n min in deriving test sets that ensure a high defect coverage.
We repeated the experiment above using the test sets for the pseudofunctional fault model. The results are shown in Table III . The information in Table III is organized as in Table II , except that now we show the value of K (the maximum number of inputs to a subcircuit C (g)) required to achieve complete coverage of surrogate faults. This experiment shows that, except for rd53; Z 9sym in the case of noncompacted pseudofunctional test sets, and dk27 in the case of arbitrary pseudofunctional test sets, the compacted pseudofunctional test set achieves the maximum defect coverage with fewer tests. This result is similar to that obtained in Table II using n-detection test sets for single stuck-at faults. For Z 9sym; K = 7 is required to achieve the maximum defect coverage using a compacted test set, whereas K = 6 is sufficient for a noncompacted test set. Increasing K by 1 implies that the number of tests for each line is doubled, which results in the larger test set. A possible solution to this problem is of its cone. This can be viewed as a 1 1 K -detection test set since each input combination is targeted only once. It is possible to define an n 1 K -detection test set, where the cones have K inputs, and each input combination is targeted n times. An n 1 K -detection test set targets n 1 2 K input combinations for each line. Thus, instead of using K = 7 and n = 1 for Z 9sym with a total of 128 input combinations to target per line, it is possible to use, e.g., K = 4 and n = 5 with It is interesting to compare the compacted test set sizes that achieve the maximum defect coverage in Tables II and III. For example, for adr4; 115 tests are required under a 9-detection test set in Table  II , and 91 tests are required under a pseudofunctional test set with K = 5 in Table III . The maximum fault coverage is achieved with a smaller n-detection test set three times and with a smaller pseudofunctional test set four times. Pseudofunctional test sets have the added advantage that they cover all of the defects within the selected cones.
In the previous experiments, we showed the importance of n min in achieving high defect coverage. Even if nmin cannot be increased any further because of faults that have only nmin tests, it is possible to generate additional tests to increase the number of detections of faults that have more than n min tests. This is equivalent to increasing n av : To demonstrate the importance of n av in increasing the defect coverage, we performed the following experiment. We considered noncompacted n-detection test sets with n 3; noncompacted pseudofunctional test sets with K = 4; and arbitrary n-detection test sets with n = 3: We computed the value of n av for each one of these test sets. Let n av = n i av for a test set under consideration. We generated a corresponding compacted n i av test set by using Procedure 1. The first objective of Procedure 1 is to maximize n min : As a secondary objective, it also maximizes nav such that it does not exceed the given bound n i av : The results of the experiment are reported in Table IV . Each row of Table IV contains one of the following test set types: nd nc stands for n-detection noncompacted, pf 4 nc stands for noncompacted pseudofunctional with K = 4; nd ar stands for n-detection arbitrary, and T i stands for the compacted test set generated by Procedure 1. The type is followed by test set size, nmin; nav and the defect coverage (the coverage of bridging faults) obtained by the test set. The rows of Table IV are organized in pairs. Following each noncompacted test set, we show the information for the corresponding n i av test set generated by Procedure 1. In most cases, the bridging fault coverage of the test set obtained by Procedure 1 is larger, even though the test set is smaller, sometimes significantly. For example, for Z 9sym; the noncompacted 1-detection test set has n av = 7:47 and its size is 173. We used Procedure 1 with the same parameter to generate a compacted T 1 test set with n av = 7:46 and (or 19%) . The cases where the defect coverage of the T i test set is smaller than the defect coverage of the corresponding noncompacted test set are marked with "*."
Next, we report the results of simulating the compacted and noncompacted test sets defined above on surrogate faults consisting of transition faults [1] . Transition faults model defects causing increased signal propagation delays in the circuit. Transition faults require twopattern tests. Therefore, the order of the test set is important in determining the defect coverage. Consequently, it is expected that the defect coverage would be biased by the arbitrary order in which the test sets were constructed. In order to unbias the test application process, we applied the test sets in ten randomly selected orders, and determined the defect coverage achieved using transition faults as surrogates for each one of the ten orders. Specifically, to simulate a test set T = ht 1 ; t 2 ; 1 1 1 ; t m i; we repeat the following procedure ten times. First, we randomly permute T to obtain T 0 = ht We then apply to the circuit every two-pattern test ht 0 i ; t 0 i+1 i; 1 i < m and mark the transition faults detected.
The experiment for multilevel Berkeley PLA's was conducted as follows. We used the 5-detection compacted test set as a basis for comparison. Let the number of tests in this test set be N c : We TABLE V  TRANSITION FAULT COVERAGE generated an n nc -detection noncompacted test set as follows. Let the size of an n-detection noncompacted test set be N nc (n): We selected nnc to be the smallest value of n such that Nnc(n) Nc (i.e., we used a noncompacted n-detection test set whose size is not smaller than the size of the compacted 5-detection test set). For this purpose, we started with n = 1; and increased n until the first time N nc (n) was not smaller than N c : An n a -detection arbitrary test set was selected in a similar way. Denoting the size of an n-detection arbitrary test set by Na (n); we selected na to be the smallest value
The results are shown in Table V , as follows. We show the results for the compacted 5-detection test sets, followed by the results for the noncompacted test sets and the arbitrary test sets. The information we give includes the value of n for which the test set was computed (column nd), the test set size (column nt), and the following transition fault coverages. Under column fc.range, we show the lowest and the highest transition fault coverage obtained under the ten test set orders we used. Under column fc.av, we show the average fault coverage obtained over ten orders. It can be seen that, in most cases, a smaller compacted test set resulted in an equal or even higher transition fault coverage than the two noncompacted test sets.
From the data presented in this section, we conclude that test generation objectives appropriate for generating test sets with high defect coverage are to maximize n min and n av ; in this order. Compacted test sets are then as effective as or even more effective than noncompacted test sets.
V. FAULT-ORIENTED TEST GENERATION
In the previous section, we concluded that values of n min and n av of a stuck-at test set are more important than test set size in achieving a high defect coverage. The test generation procedure described in this section is aimed at generating compacted n-detection test sets where nmin and nav are maximized for large circuits. The procedure is based on the procedures of [10] and [11] .
The overall structure of the proposed procedure is similar to that of [11] . In [11] , a test vector is generated by first selecting a primary target fault that is not already detected by the test set, and generating a test for this fault. Maximal compaction is then used to unspecify as many input values as possible in the test vector generated. Additional faults are then considered, called secondary target faults, and the unspecified input values in the same test vector are specified so as to detect these faults. If a secondary target fault is detected, maximal compaction again is applied to the new values specified. This is repeated until no additional secondary target faults can be detected by the same test. Thus, each test generated detects a maximal number of faults. Another strategy used in [11] is called rotating backtrace. Rotating backtrace aids in ensuring that each new test detects secondary target faults in regions of the circuit not targeted by the previously generated tests.
In [10] , the notion of double detection was used for test compaction. Under the double-detection approach, a fault is considered as a secondary target fault even if it has already been detected once by a test vector already included in the test set. Thus, a fault is detected twice before it is dropped. Double detection helps in dropping tests by reverse order fault simulation as follows. If a fault f is detected only by a single test t in the computed test set, then t is an essential test, and must be included in the test set. Essential tests are simulated first. The remaining tests are simulated in reverse order of generation, and redundant tests, that do not detect any new faults, are removed. The double-detection heuristic maximizes the number of redundant tests since many of the faults have more than one test. The double-detection procedure of [10] results in 1-detection test sets.
In the procedure proposed here, double detection is replaced by n + 1-detection to produce an n-detection test set. The procedure proceeds as follows. To generate a test vector, a primary target fault is selected that is not detected n times yet. Secondary target faults are then selected in the following order:
1) other faults that have not been detected n times yet; 2) faults detected exactly n times; 3) faults detected more than n times. By targeting faults that have already been detected n or more times, we increase the value of n av : In addition, we make it possible to drop redundant tests from the test set.
Once an n-detection test set is generated, reverse-order simulation based on n +1-detection (an extension of double detection) is applied as follows. If a fault f is detected by at most n tests included in a subset T 0 ; then all of the tests in T 0 are essential and must be included in the test set. Essential tests are simulated first. The remaining tests are simulated in reverse order of generation, and redundant tests, that do not detect any faults that are not already detected n times, are removed.
We compare the results of the procedure above with the results for noncompacted n-detection test sets. To obtain a noncompacted 1-detection test set, we use a combination of PODEM [13] and SOCRATES [14] . If the PODEM-based procedure fails to generate a test with a backtrack limit of 8, then a SOCRATES-based procedure is used. To generate a noncompacted n-detection test set where n > 1; we use the following procedure. Each fault that is not detected n times yet is a target fault for test generation. When a test is generated, input values that remain unspecified are assigned random values such that the resulting test is different from other tests already included in the test set. If a new test is generated, it is included in the test set, and fault simulation is carried out for it. This process continues until all of the faults are either detected n times or have been targeted n times for test generation. If any faults remain that do not have n tests, we change the order of the lines in the fan-in lists and the fan-out lists of all the gates in the circuit, and repeat the test generation process. Changing the orders of the fan-in and fan-out lists helps generate new tests. The results obtained using compacted and noncompacted ndetection test sets for nonfeedback bridging faults in ISCAS-85 benchmark circuits are shown in Table VI . We generated compacted and noncompacted n-detection test sets for n = 1; 2; 1 1 1 ; 7: Column type gives the test set type, where c stands for compacted and nc stands for noncompacted test sets. For each test set, we show the bridging fault coverage in row f c and the test set size in row nt: For example, although the noncompacted 7-detection test set of c2670 (of size 731) is larger than the compacted 7-detection test set (of size 318), the bridging fault coverage of the noncompacted 7-detection test set (99.32%) is smaller than the bridging fault coverage of the compacted 7-detection test set (99.54%). This occurs for most of the test sets considered, and supports our claim that test compaction does not have to come at the expense of defect coverage, and that maximizing n min and n av is more important than increasing the test set size.
We note that in many cases, the compacted n-detection test set size increases almost linearly with n: To explain this, consider a compacted 1-detection test set whose size N is equal to the size of a maximal independent fault set (independent faults have the property that no two such faults can be tested by the same test [15] ). Since we have N faults such that no pair can be tested by the same test, an ndetection test set must contain at least nN tests. In some cases, more than nN tests are needed if two faults have fewer than n tests that can test both of them. It should also be noted that in some cases, the test pattern generators aborted without finding n tests for some faults.
Next, we considered transition faults in ISCAS-85 benchmark circuits. We used the 7-detection compacted test set for each circuit, An appropriate value of n for a given circuit is determined to a large extent by tester memory limitations. Larger values of n potentially result in higher defect coverage, but also in larger test sets. Although the defect coverage in Table VI saturates in most cases as n is increased, this may not be the case for other surrogate defect models. Thus, large values of n are desirable as long as the test set can be accommodated by the tester.
VI. CONCLUDING REMARKS
The work reported here was inspired by the recently made observations that the defect coverage of a test set for single stuck-at faults may be improved by detecting each modeled fault more than once. We reported on test pattern generators for combinational circuits that generate test sets to detect each single-line stuck-at fault a given number of times. Additionally, we studied the effects of test compaction on the defect coverage of such test sets. Defects were represented by bridging faults and transition faults using the framework proposed in [5] and [6] . We used several test generation procedures to generate compacted and noncompacted stuck-at test sets of various types, including n-detection test sets and pseudofunctional test sets. By using bridging faults and transition faults as the target defects, we showed that a compacted test set can have a higher defect coverage than a noncompacted test set, and that the defect coverage does not have to be sacrificed by test compaction if the test set is computed appropriately. The parameters n min and n av ; related to the number of times each stuck-at fault is detected, were shown to be more important than test set size in determining the defect coverage.
Defects that require two-pattern tests may require special attention if a test set for a fault model is to be effective for such defects. To generate tests that are most effective for defects that require twopattern tests, the fault model may also have to be one that requires two-pattern tests. For example, it is possible to use transition faults as the fault model and path delay faults as surrogate faults. For transition faults, methods to generate compacted test sets exist [16] . These need to be extended into n-detection test sets similar to the procedure reported here. It is also possible to use compacted versions of what are called unbiased tests in [7] and [8] . 
Diagnosis of CMOS Op-Amps with Gate

I. INTRODUCTION
The volume of complex circuits containing both analog and digital blocks is growing. Consequently, production methods to test their functionality and reliability are needed. There are no well-established techniques for testing either analog or mixed-signal circuits. Analog circuits are difficult to test owing to the wide range of quiescent and signal voltages and currents possible, and their susceptibility to "soft" faults owing to tolerances and feedback effects. It is difficult to devise a general test bed or test set because the circuits are application specific. Many mixed-signal circuits combine high component densities with a shortage of test pads or pins. Thus, test methods of general validity which utilize the test points available are required. The work reported here was focused on the problem of analog circuit diagnosis as a first step. It is shown that individual transistors in simple CMOS analog integrated circuit operational amplifiers which contain gate oxide short (GOS) faults may be diagnosed from the supply current responses to input test signals using the pattern recognition properties of multilayer perceptron (MLP) artificial neural networks (ANN's). This represents an advance on previous go/no go tests, and requires no additional pins. Since GOS's are not always detectable by functional testing, but may result in subsequent functional failure, the method represents reliability testing for these faults.
GOS's are not true short circuits since they have a finite and variable resistance. They are, therefore, classed as soft faults rather than hard faults. The latter class includes open and true short circuits. Thus, this work concerns the diagnosis of soft faults.
